MINDO-Forces calculations have been performed on methyl substituted allyl cations with complete energy minimization. It was found that the methyl substitution on the terminal carbon atoms of the allyl cation stabilizes the cation more than that at the center carbon atom. Also, the stability of the cation depends on the conformation of the cation and not on the number of methyl substituents.
Introduction
Recently [1] , we have studied the allyl and crotyl systems, using the MINDO-Forces MO method [2] , Here we would like to extend this study to methyl substituted allyl cations which are of considerable importance in organic chemistry [3] such as DielsAlder cycloaddition reactions [4] , The methyl substituted allyl cations have been investigated by semiempirical methods [5, 6] and ab initio calculations [7, 8] without comprehensive studies of the geometries and electron densities.
Therefore, the aim of the present work is to give full geometry optimization in order to assess and augment experimental data.
Results and Discussion
The calculated heats of formation and electron densities of methyl substituted allyl cations after complete optimization of geometry are given in Tables 1 and 2 , respectively.
/. Effect of One Methyl Group
From the calculated heats of formation (Table 1) it was found [1] that the substitution on the terminal carbon atom of the allyl cation increases the stability more than that at the center carbon atom, which is in agreement with experiment [9] and theory [8] .
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Effect of Two Methyl Groups
There are six possibilities for the substitution of two methyl groups on the allyl cations which are represented by cations 5, 6, 7, 8, 9 and 10 as shown in Figure 1 . 
t-c -c-s -t-e-i-e
The calculated heats of formation show that the most stable cation is (t.e.-c.e.). Also, cation 7 has the (c.s.-c.e.) form as well as the (c.s.-c.s.) one, and it was found that the latter is more stable than the former. For cation 8, it was found that the (t.e.-c.s.) form is more stable than the (t.e.-c.e.)
form.
Also, it can be seen from Table 1 that the most stable cation out of these six cations is the cation 5.
On rotating one of the methyl groups of the cation 5 to a eis form to obtain cation 6, the heat of formation increases due to steric strain. The cation 7
can be obtained by rotating the second methyl group of cation 6 to a eis form. In this case the steric 0340-4811 / 87 / 0200-0127 $ 01.30/0. -Please order a reprint rather than making your own copy.
strain becomes more pronounced, which gives rise to an increase in the heat of formation.
It can be seen from the heats of formation in Table 1 that the stability decreases from cation 5 to 7 in agreement with experiment [8] and theory [10, 7] . It was found experimentally [11] that the difference in the heats of formation between cations 6 and 7 is 6.5 kcal/mole, which is in very good agreement with the present calculations (6.4 kcal/ mole) and in disagreement with ab initio calculations [7] (31.4 kcal/mole). Also it was found experimentally [12] that on substitution of two methyl groups on the terminal carbon atoms, cation 5 is obtained and not cations 6 or 7. This suggests that cation 5 is the most stable one, which is in agreement with the present calculations.
For the substitution of two methyl groups on one of the terminal carbon atoms of the allyl cation to obtain cation 8 ( Fig. 1 ), the stability increases in comparison with that of cation 2. In the case of cation 9, the increase in the heat of formation in comparison with cation 8 is due to the substitution of a methyl group on the center carbon atom of the allyl cation [1] . The repulsion between the methyl groups in the cation 9 increases the angle C2C1C4
in comparison with that of C2C3H' (Figure 1 ).
On rotating the methyl group at the terminal carbon atom of the cation 9 to the eis form to obtain cation 10 ( Fig. 1 ), a slight decrease in the heat of formation with that of cation 9 suggests a decrease in the repulsion between the two methyl groups.
It was found experimentally [13] that the heat of formation for an allyl cation which has one methyl group at the terminal carbon atom and one at the center is 192 kcal/mole, which is approximately equal to that of cations 9 or 10 ( Table 1) .
It can be seen from Table 1 that cation 5 is the most stable one in comparison with cations 6, 7, 8, 9
and 10, which is in agreement with the experimental observation [12] .
Effect of Three Methyl Groups
The substitution of three methyl groups on the allyl cation gives rise to a six different forms of cations, represented by 11, 12, 13, 14, 15 and 16 ( Figure 2 ). It can be seen from Table 1 that there is a small difference in the heat of formation between cations 13 and 14, which may be due to the crowding between the three methyl groups in cation 13.
The increase in the heat of formation and the angle C1C2C3 in the case of cation 15 in comparison with that of cation 14 are due to the two methyl groups in the eis form. The cation 11 ( Fig. 2 ) is similar to that of cation 8 ( Fig. 1 ) apart from the extra methyl group on the terminal carbon atom which causes an increase in the stability of the cation (Table 1) . On rotating the methyl group on the cation 11 to the eis form to obtain cation 12
( Fig. 2) , the stability decreases due to the repulsion between the two methyl groups in the eis form. The case of cation 16 (Fig. 2) is similar to that of cation 8 ( Fig. 1) apart from the extra methyl group on the center carbon atom, which decreases the heat of formation ( Table 1 for comparison between cations 2 and 4).
Effect of Four Methyl Groups
The substitution of four methyl groups on the allyl cation gives rise to three different forms Table 1 ).
The addition of one methyl group on the center carbon atom of cation 11 ( Fig. 2 ) to obtain cation 18 (Fig. 3) causes an increase in the heat of formation by 4.1 kcal/mole (Table 1) , which may be due to crowding. This is a similar case to that when a methyl group is substituted on the center carbon atom of cation 5 ( Fig. 1 ) to obtain cation 13 ( Figure 2 ).
On rotating the methyl group at carbon C3 of the cation 18 to obtain cation 19 (Fig. 3) , the heat of formation increases by 2.9 kcal/mole (Table 1) , which may be due to the repulsion between the two methyl groups in the eis form.
Effect of Five Methyl Groups
There is only one form for this kind of sub- 
Electron Density
It can be seen from Table 2 that on substitution of a methyl group at the terminal carbon atom of the cation 2 to obtain cation 5 the electron density increases at the center carbon due to the equal effect of two methyl groups. For cation 6, the electron density at C 1 is greater than that at C3 due to the inductive effect of the methyl group in the trans form. The electron densities at the terminal carbon atoms of cation 7 become equal due to the two methyl groups in the eis form.
The inductive effect of two methyl groups at CI (cation 8), is greater than that of one methyl group at C1 (cation 2) as can be seen from the high electron density at C3 of cation 8 in comparison with that of cation 2 ( Table 2) . For cation 9, the electron density decreases at the center carbon in comparison with that of cation 2 because of the methyl group at the center carbon atom.
On rotating the methyl group at the terminal carbon atom of cation 9 to obtain cation 10, the electron density increases on the terminal carbon atoms and decreases on the carbon atom of cation 10, in comparison with cation 9. This is due to the methyl group in the eis form (see the electron densities of cations 3 and 2 for comparison).
For cation 11, the electron density at C3 is still greater than at C 1 because of the high inductive effect of two methyl groups at CI. On rotating the methyl group at C 3 of cation 11 to obtain cation 12, the electron density increases on the terminal carbon atoms and decreases on the center carbon atom in comparison with cation 11. This is due to the methyl group in the eis form, which is the same reason as given for cations 10 and 3. of cation 20 can be seen from Table 2 .
Conclusion
It can be concluded that the effect of a methyl group at the terminal carbon atom of the allyl cation is greater than that at the center carbon atom.
Also the stability of the allyl cation depends on the different forms of substitution and not on the numbers of the methyl groups. This can easily be seen from cation 11, which contains only three methyl groups but is found to be the most stable cation out of the twenty cations, though there are cations which contain four or five methyl groups. Thus it is not possible to say that the stability of a carbonium ion increases as the number of methyl substituents increases.
